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ABSTRACT

The expected disequilibrium between two loci with % alleles at one locus and
{ alleles at the other is given for a sample of size n drawn from a population
under neutrality equilibrium. Three different measures of disequilibrium with
95% intervals are tabulated for combinations of n, &, ! and 4N¢, where N is the
effective population size and ¢ is the amount of recombination between the loci.
The extent and pattern of disequilibrium are strongly dependent upon 4N¢ and
are somewhat dependent on n, k and [. The 95% intervals are large, particularly
for low numbers of alleles and low values of 4N¢. As examples, observed dis-
equilibrium from histocompatibility loci in humans (HLA) and electrophoretic
data in E. coli and lodgepole pine were compared to these theoretical values.
Using information about recombination rates, the HLA data showed more dis-
equilibrium than neutrality expectations, whereas electrophoretic data from E.
coli and lodgepole pine had somewhat less disequilibrium than neutrality expec-
tations.

HE neutrality theory assumes that all alleles at a locus are selectively

equivalent, that mutation is the source of new genetic variation and that
genetic drift results in the loss of variation. Given these conditions, a popula-
tion at equilibrium under neutrality has an expected distribution of alleles for
each locus (e.g., KIMURA and OHTA 1971). In addition, a population at equi-
librium under neutrality has an expected association between alleles at linked
loci. Even though there is no selection among different alleles at a locus, the
combined effects of mutation and genetic drift result in an interlocus associa-
tion when there is limited recombination (e.g., OHTA and KiMURA 1969; HiLL
1975).

When considering variation at a single locus, a number of approaches have
been suggested to determine whether the pattern of genetic variation is con-
sistent with neutrality (see EWENS 1977 for a review). One particularly ingen-
ious approach was developed by EweNns (1972), in which he gave the distri-
bution of alleles expected in a sample of a given size obtained from a popu-
lation at equilibrium under neutrality. Extending these results, WATTERSON
(1978a,b) gave a statistical test that allows the comparison of the observed
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Hardy-Weinberg homozygosity in a sample of a given size that contains %
different alleles with the homozygosity expected in a sample of the same size
with the same number of alleles drawn from a population at equilibrium under
neutrality.

A general approach for consideration of the expected properties of gametic
samples of closely linked loci is particularly relevant now because of the rapidly
accumulating data on gametic frequencies of closely linked molecular variants
identified either by restriction endonucleases or nucleotide sequencing (W.
Kritz and P. W. HEDRICK, unpublished results). A number of studies have
investigated such related topics as the genetic variation in a multiallelic, two-
locus neutrality population (e.g., HiLL 1975; TAKAHATA 1982) and the distri-
bution of genetic variation in samples from a two-allele, two-locus neutrality
population (HiLL 1981; GOLDING 1984). However, the extension of EWENS’
sampling approach to two loci with multiple alleles appears to be mathemati-
cally very difficult. As a result, we have determined the properties of two-locus
samples using computer simulations. The simulation technique is that devel-
oped by HupsoN (1983) and described in detail in his manuscript. Here we
shall examine the two-locus association in a sample of size n genes (where n/2
is the number of diploid individuals) with & and [ different alleles at the two
different loci. These stimulation results are then compared to the observed
associations for genetic variants at histocompatibility loci in humans and elec-
trophoretic loci from Escherichia coli and lodgepole pine.

MEASURES OF GAMETIC DISEQUILIBRIUM

The extent of association between alleles at different loci (gametic disequi-
librium) can be measured in several ways for a specific gamete (see HEDRICK,
JaIN and HoLDEN 1978 for a review). A widely used measure of gametic
disequilibrium for a given gamete is

Dy = x5 — pig; (1
where x;; is the observed frequency of gamete A;B;, p; and ¢; are the frequencies
of alleles A; and B; at loci A and B, and the expected frequency of gamete A;B;
is pig;, assuming no association between the alleles. The range of this measure
of gametic disequilibrium is a function of the allelic frequencies. Therefore, a
measure that has the same range for all allelic frequencies is desirable. For this
reason, LEWONTIN (1964) suggested using the measure

D,
D,‘" = —L

v =D @)

where if D < 0, Dyuy is the lesser of pg; and (1 — pi)(1 — ¢;) and if D; > 0,
Diax is the lesser of p(1 — ¢;) and (1 — pi)g;.

The total disequilibrium between all the alleles at two loci can be measured
in several ways. For example, the total disequilibrium can be expressed as

k 4

p*=3% ¥ Dj ()

i=1 j=1
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However, this measure, like Dy, is highly dependent upon allelic frequencies.
As a result, other measures of association, such as those given in expressions
(5), (7) and (9), that are not so dependent on allelic frequencies are preferable.

One approach to defining a two-locus, multiallelic measure that is not de-
pendent upon allelic frequencies is to standardize the measure by the single-
locus heterozygosity. For example, the Hardy-Weinberg homozygosity at locus
A having k alleles is

i=1
and for locus B with [ alleles is
!
Fp= Y q}. (4b)
j=1

Using the complements of these expressions, the Hardy-Weinberg heterozy-
gosities (or genetic diversities for haploid genomes), a standardized measure of
two-locus association is

* = D2
" (1 = F4)(1 = Fp) (5)

a measure termed R by MARUYAMA (1982) and similar to 05 as given by HiLL
(1975) and OHTA (1980) (see the discussion in the RESULTS section). If we
define

FAB = E 2 x?j (6)

i=1 j=1
then another measure of association is

F* = Fap — FaFp (7)
called the identity excess by OHTA (1980). In addition, the statistic

ko1 D%

- n —_—

Q igl j§1 biq;

gives another standardized measure of total disequilibrium. Q is approximately

x? distributed under the null hypothesis of D; = 0 (see HiLL 1975) with

(k — 1) ({ — 1) degrees of freedom. If there is no association between alleles

at the loci, then Q divided by the degrees of freedom should equal unity within

sampling fluctuations. In order to make this measure sample size independent
(BisHop, FRINBERG and HOLLAND 1975) when D # 0, the measure

s 2
Q Takk—- 1)1 -1)

®)

9)

is useful.
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RESULTS

In this section, we shall give the values calculated from simulations for var-
ious measures of two-locus associations in a sample of size n with %k and !
different alleles at loci A and B, respectively. These measures of association
are dependent upon the amount of recombination as measured by the quantity
4Nc. N is the size of the population from which the sample is drawn, and ¢ is
the rate of recombination between the loci. When 4Nc¢ = 0, there is no recom-
bination between the loci. If 4N¢ > 1, then the recombination ratio should
be large enough that there would be little association of alleles at different
loct.

The simulated samples using the program of HupsoN (1983) were drawn
from an equilibrium population. As a result, allelic frequencies for a given £
and [ are independent of 4Nu, where u is the mutation rate to a new allele
(Ewens 1972). Simulations with different 4Nu values were run for each 4N¢
and n combination to obtain samples with a wider range of & and ! values.
From extensive simulations, HUDSON (1985) has shown that the disequilibrium
values conditioned on the number of alleles are nearly independent of 4Nu.
For each combination of parameters, between 400 and 2500 replicate samples
were generated in order to obtain 95% empirical confidence limits, termed
95% intervals herein, for the three measures given by expressions (5), (7) and
(9).

When the recombination rate is low, some of the two-locus gametes possible
are low in frequency or are missing. In fact, even when 4Nc¢ is large, some
gametes are still missing from the sample. If there are % and [ alleles at the
two loci, then there are £/ possible two-locus gametes. With no recombination,
new gametes are only produced by mutation so that a relatively small propor-
tion of the gametes possible would be expected. However, as the recombination
rate increases, then the number of gametic types present in the sample in-
creases. To illustrate this effect, Figure 1 gives the proportion of possible
gametes actually observed for three different numbers of alleles for n = 200.
For example, if there were eight alleles at both loci and no recombination,
then only about one-fifth of the possible gametes are observed. When there is
a high level of recombination, 4N¢ Z 100, then approximately twice as many
different gametic types are observed. The values for sample sizes of n = 100
and 400 are nearly identical to these, although there is a slight increase in the
proportion of possible gametes observed as the sample size increases.

The distribution of Dj; values for a given number of alleles at both loci is
nearly symmetrically distributed around zero, with variation that increases as
4Nc¢ becomes lower. Like the distribution of D;; values, the distribution of D
values, for those Dj; values that are not 1.0 or —1.0, has a mean near zero
(actually slightly greater than zero) and a nearly symmetrical distribution. Fig-
ures 2 and 3 give the distribution of Dj; values for examples in which 4Nc is
large (4Ne¢ = 500) and small (4Nc¢ = 10), respectively. (Note that the vertical
scales in these figures are different.)

The proportion of Dj; values that are either —1.0 or 1.0, i.e., those that are
maximally associated, is greatly affected by recombination. As an example,
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FIGURE 1.—Proportion of possible gametes present in samples of size n = 200 when there are
4, 6 and 8 alleles at the two loci for different levels of recombination.
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Figure 2.—The distribution of D/ in a sample of size n = 200 and 4Nc = 500 when there are
six alleles at both loci.
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FIGURE 3.—The distribution of Dj in a sample of size n = 200 and 4Nc = 10 when there are
three alleles at one locus and six at the other.

Figure 4 gives the proportion of D} values for which D’ = —1.0, 1.0 or is
between these values for 2n = 200 and six alleles at each locus. When there
is tight linkage, both the proportions in the D’ = —1.0 and D’ = 1.0 categories
are elevated. As recombination becomes larger, the proportion in these two
classes declines, and the proportion not having values of —1.0 or 1.0 greatly
increases. For the example in Figure 4, the proportion not having values of
—1.0 or 1.0 increases from 0.06 to 0.41 with increasing recombination, reflect-
ing the presence of many of the gametic categories due to increased recom-
bination. The proportion in these categories is relatively constant for a given
number of alleles for different sample sizes, with a slight reduction in the D’
= —1.0 and D’ = 1.0 classes as sample size increases.

The proportion of Dj; values in the —1.0 and 1.0 classes is dependent upon
the number of alleles in the sample. Figure 5 gives the proportion in these
three classes for different numbers of alleles when n = 200 and 4Nc = 10. As
the number of alleles increases, the proportion of values in the D’ = —1.0
class increases and that in the D’ = 1.0 decreases. The relative size of these
values reflects the conditions under which D’ = —1.0 and D’ = 1.0 values are
attained. For Djj = —1.0, either A;B; or A;B; must be absent from the sam-
ple where A; and B; indicate all alleles at the A and B loci except A;
and B;, respectively. Generally, with multiple alleles the first case occurs, i.e.,
xij = O On the other hand, for D; = 1, x;; must be either p; or g;, i.e., either
A;B; or AB; is missing. Although there are two ways in which D} may be 1,
wnth muluple alleles both are much less likely to occur than to obtain a sample
with Djj = —1. For example, in a a_sample of size n, and assummg that the
population disequilibrium value is D;; = 0, the probability of Djj = —1 is
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FIGURE 4.—The frequency of D} values that are —1.0, 1.0 (closed circles) and intermediate
(open circles) for different levels of recombination when n = 200 and there are six alleles at both
loci.
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FIGURE 5.—The frequency of D/; values that are —1.0, 1.0 (closed circles) and intermediate
(open circles) for different numbers of alleles when n = 200 and 4N¢ = 10.
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POj=~11D;=0)=(1=pg)"+[1 - (1 =p)l =g  (10)
The probability of Dj; =1 is
PDy=1|Dy=0)=(1~p)y +(1—g) (11)

Assuming that for multiple alleles p; and g¢; are much less than 0.5, then (10)
is much greater than (11), explaining the larger proportion of Dj = —1 as
compared to Dj = 1.

Tables 1, 2 and 3 give the average simulated values for the three measures
of the total disequilibrium, D*, F* and Q*, as given in expressions (5), (7) and
(9), respectively. In all cases, the means were calculated as the average value
over all replicate samples. The 95% intervals were obtained by ordering the
disequilibrium values for the replicate samples for a given %, I, » and 4Nc
combination and then determining the values at the 2.5% and 97.5% points
of this distribution.

The three measures are all highly dependent on the level of recombination
for given k, ! and n values and decrease as recombination increases. In other
words all three measures approach zero as 4Nc¢ increases (actually Q* ap-
proaches 1/n). Note that F* is near zero even when 4N¢ = 100. The magnitude
of D* and F* is relatively constant as sample size increases conditioned on
given &, [ and 4Nc values. Q*, on the other hand, is sample size dependent,
decreasing with an increase in sample size. As expected when 4N¢ is large, Q*
decreases inversely with increases in sample size.

The pattern of disequilibrium values for different numbers of alleles is dif-
ferent for the three measures. D* is low for low k, [ values; increases as k, [
increases; and decreases as £ and / become large for low 4N¢ values. F* in-
creases with an increase in allelic numbers, whereas Q* is at a maximum at
low &, ! values and decreases as %, [ increases. This property of Q* makes it
useful for extrapolation to higher & and [ values, because its expectation always
decreases.

The confidence limits of the disequilibrium measures are generally quite
large. For low 4Nc values, the 95% intervals extend throughout or nearly
throughout the range of possible values. This occurs because the probability
of high disequilibrium even under neutrality is often substantial. However, as
4N¢ increases, the confidence limits become narrower. As with the means, the
intervals for D* and F* are relatively similar for different sample sizes, and
the upper limit for Q* decreases with increasing sample size. The upper limits
of D* and Q* are high for low number of alleles because the maximum value
for these measures is dependent upon allele number. On the other hand, the
upper limit for F* is similar for different numbers of alleles.

Notice that the lower limit for F* is slightly negative. Let us examine briefly
a two-allele model to determine when these values occur. For two alleles,

Fag = (prq1 + D) + (p1g2 — D)* + (p2q1 — D)* + (pag2 + D)*
= pigi + piq3 + p3¢i + pigs + 4D* + 2D(b1q1 — p1g2 — pagi + page)
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FIGURE 6.—The distribution of F* values from 452 replicate samples for n = 200, 4N¢ = 10
and four alleles at each locus.

and

FaFp = piqi + piq3 + p3qi + piqs
so that

F* = 4D? + 2D(p1q1 — p192 — p2q1 + p2g2). (12)

In other words, F* is negative whenever the right-hand term is negative and
greater than (absolutely) the left-hand term, a situation that occurs at a low
frequency.

As an illustration of the distributions of the conditioned disequilibrium meas-
ures, the distributions of F* and Q* are given for two examples in Figures 6
and 7 (the distribution of D* is quite similar to Q*). Notice that for both
figures there is a large tail to the right indicating that high disequilibrium
samples are quite possible. The mean is indicated by the upward-pointing
arrow, and the 95% intervals are indicated by the pair of downward-pointing
arrows.

Expression (5), D*, as we have used it is different from
2
oo EDY
E[(1 = Fa)(1 = Fg)]

as given by HiLL (1975) and OHTA (1980). We calculated the mean of the
ratio D? divided by the product of the heterozygosities, whereas they calculated
the ratio of the expectations of these quantities. Obviously, the ratio of the
expectations is more mathematically tractable, but the mean of the ratio al-
lowed us to calculate 95% confidence limits. In addition, D* is the experimen-
tally observable quantity (MARUYAMA 1982).

As expected, D* and o} are not equivalent throughout the range of %, [, n
and 4Nc values. Table 4 gives op for a number of parameter combinations, as

(13)
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FIGURE 7.—The distribution of Q* values for 423 replicate samples for n = 200, 4Nc = 1 and
four alleles at each locus.

TABLE 4
The mean value of o3, the standardized linkage disequilibrium, as
given in expression (12), for several sample sizes, number of alleles
and recombination values, with the ratio, ¢3/D*, in parentheses

4Nc
n kl 0 10 500
100 2,2 0.454 (2.76) 0.116 (2.57) 0.013 (1.19)
4,4 0.299 (1.31) 0.080 (1.21) 0.013 (1.04)
8,8 0.165 (1.05) 0.071 (1.03) 0.012 (1.10)
400 2.2 0.482 (4.68) 0.068 (2.95) 0.004 (1.24)
4,4 0.344 (1.55) 0.074 (1.46) 0.005 (1.06)
8,8 0.201 (1.10) 0.071 (1.08) 0.005 (1.01)

well as the ratio of ¢} over D*. ¢} is much greater than D* for low values of
k and [, particularly when 4Nc¢ is small, whereas the two values are similar
when 4Nc is large. More specifically, unlike D*, a3 is quite dependent on allele
number in the sample when 4Nc¢ is low; however, as allele number increases,
o5 and D* are much closer.

APPLICATIONS

As illustrations of the usefulness of these theoretical results, we will consider
data from four different data sets: two from the major histocompatibility sys-
tem in humans (HLA) and one each from electrophoretic loci in E. coli and
lodgepole pine. Although we realize that probably none of these data sets come
from populations or species that completely conform to a theoretical popula-
tion, i.e., are in equilibrium with long-term values of 4Nu and 4N¢, comparison
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TABLE 5

The observed values for three total disequilibrium measures for the HLA-A and
HLA-B loci in samples from three South American Indian populations (from
BrLAcCK and SALZANO 1981) and the Hutterites (MORGAN et al. 1980)

Parak Tiriyo Waiapi Hutterites
n 196 196 234 406
ki 4, 4 4,5 5,5 7,13
D* 0.229 0.120 0.0667 0.0566
F* 0.126 0.0343 0.0288 0.0426
Q* 0.099 0.076 0.065 0.037

to equilibrium predictions can give some insight into the important factors
affecting disequilibrium in these species (see the discussions below).

HLA: The human histocompatibility system was initially examined in detail
because of the necessity to match donors and recipients in tissue transplanta-
tion. This complex is composed of a large number of genes and is located on
chromosome 6. The most well-defined loci are HLA-A and HLA-B, two genes
that determine antigenic factors residing on the surface of many cell types.
These loci are 0.8 map units apart, and each is highly variable, with large
numbers of alleles in nearly every sample that has been examined (see THOM-
SON 1981 for a review). We should note that HLA data from a number of
samples do not fit single-locus neutrality expectations (HEDRICK and THOMSON
1983; HebpricK 1983a).

HLA-A and HLA-B data from three groups of South American Indians
(BLACK and SaLzaNo 1981) and Hutterites from Canada (MORGAN et al. 1980)
were analyzed. Table 5 gives the observed D*, F* and Q* values for these
samples. If these observed values are compared with those in Tables 1, 2 and
3 for the same sample size and numbers of alleles, the observed values suggest
that 4N¢ must be quite small. In fact, the observed values of all three measures
in the Parak are greater than the simulated mean for 4N¢ = 0 (assuming n =
200, k = [ = 4). The observed values fall within the 95% interval for D* and
Q* for 4Nc = 10. The observed F*, on the other hand, is greater than the
upper confidence limit for 4N¢ = 10. Notice Figure 6, which gives the con-
ditional distribution of F* in this case (4N¢c = 0), and Figure 7, which gives
the distribution of Q* for 4N¢ = 1. The disequilibrium values for the Tiriyo,
Waiapi and Hutterite samples are somewhat lower. For example, conservative
comparisons of the Hutterite values can be made to Q* with n = 400 and £
= [ = 8, remembering that Q* declines with increasing numbers of alleles. In
this case, the observed value lies between the mean for 4N¢ = 0 and 1.

If we assume the estimated recombination rate between these loci, ¢ = 0.008,
then for 4N¢ = 1, N would be 31 (N = 312 for 4N¢ = 10), a quite small
effective population size. However, L1, NEEL and ROTHMAN (1978) have esti-
mated the variance effective population size in a group of four Yanomama
villages to be approximately 200, suggesting that there is a small finite popu-
lation size in groups of South American Indians. Even so, there appears to be
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FIGURE 8.—The distribution of Dj; values for two HLA loci in samples from three South
American Indian populations (from BLACK and SALzANO 1981).

greater total disequilibrium among alleles at these loci than predicted for a
sample taken from a neutrality population.

Some insight as to the type of deviation from neutrality expectation observed
in these samples is possible by examining the distribution of Dj; values. Figures
8 and 9 give these distributions for the three Indian samples and the Hutterite
example, respectively. These observed distributions can be visually compared
to the neutrality expectations (see Figure 2 for a typical example when 4Nc is
large, and see Figure 3 for a smaller value of 4Nc¢). Notice that the South
American Indian values are spread out over the whole range of D’ values, are
somewhat asymmetrical and have few D’ = 1.0 values. On the other hand,
the distribution for the Hutterites has a high preponderance of D’ = —1.0
values and has virtually no other negative D’ values.

E. coli: Electrophoretic analysis of enzyme variation in E. coli isolated from
natural sources has revealed an extraordinary amount of allelic variation
among haploid strains (e.g., SELANDER and LEVIN 1980; WHITTAM, OCHMAN
and SELANDER 1983b). In contrast to the HLA data, single locus genetic di-
versity values from a large sample of E. coli isolates have been shown to fit
neutrality expectations (WHITTAM, OCHMAN and SELANDER 1983a). Because of
the rarity of sexual reproduction in E. coli, one might expect disequilibrium
to be near a neutrality maximum, i.e., equivalent to 4Nc = 0.

We have calculated the measures of total disequilibrium for a sample of 100
strains obtained from 100 Swedish schoolgirls (CAUGANT et al. 1983). Ten loci
with various numbers of alleles have been used, giving 45 pairs of loci. The
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FIGURE 9.—The distribution of D’ values for two HLA loci in the sample of Hutterites (from
MORGAN et al. 1980).

average Q* values are given in Figure 10, along with the number of pairs of
loci with specific numbers of alleles (in parentheses). Surprisingly, these are all
much less than that expected for 4N¢ = 0, although they are still within the
95% interval. Also given in Figure 10 are the theoretical values for 4N¢ = 10
and 100 for n = 100 that bracket the observed values except for five values,
two of which are less than expected for 4N¢ = 100, and three of which are
greater than expected for 4N¢ = 10. Figure 11 gives as an example the dis-
tribution of Dj; values for the six loci pairs with three alleles at one locus and
six alleles at the other. This distribution is quite similar to the neutrality
distribution given in Figure 3 for 4Nc = 10.

These total disequilibrium statistics suggest that either ¢ is not zero, N is
quite large or some other factor is important in effecting disequilibrium. How-
ever, it has been suggested that the rate of recombination for E. coli is quite
low (e.g., SELANDER and LEVIN 1980), approximately at the level of the mu-
tation rate of 107". A large effective population size is suggested by the large
single-locus genetic diversity estimates (see the discussions in MARUYAMA and
KiMURA 1980), although population subdivision is suggested by WHITTAM,
OcCHMAN and SELANDER (1983b). A factor that appears important in E. coli is
genetic hitchhiking (e.g., LEVIN 1981; HEDRICK 1982), although it appears from
preliminary calculations that genetic hitchhiking will generally increase condi-
tional disequilibrium.



TWO-LOCUS NEUTRALITY TEST 151

0.05 r (1) b
0.04 | 1
0.03 | (2) * | .
L ]
® H (3)
(3) (2)
ooz} @ *w . . (@
(3) .
MO_W_O\?‘Q
4Nc=100
0.01 b -
(1)
(1) *
o
0 L [ [ 'y 1 [] L [ 1 ] 1 1 A 1 A s [ 1

23 24 33 25 26 34 27 35 44 36 45 37 46 47 56 57 66 67

k1

FIGURE 10.—Mean values of Q* for 45 pairs of loci in E. coli (from CAUGANT et al. 1983),
where the numbers in parentheses indicate the number of locus pairs for that %, ! combination
and the theoretical values for 4N¢ = 10 and 100.

Lodgepole pine: Except for a few higher organisms, such as Drosophila
melanogaster, Mus musculus and humans, the map distance between linked loci
often is not known precisely. One exception is for a group of electrophoretic
loci in lodgepole pine, four of which are closely linked on one chromosome
and two of which are linked on another chromosome (CONKLE 1981; EPPERSON
1983). EPPERSON (1983) surveyed the frequencies of alleles at these loci and
the frequencies of two-locus gametes in samples of approximately n = 400 in
two different populations. Here, we used the means of the most closely linked
loci (¢ = 0.005), each having three alleles. Even for these tightly linked pairs,
disequilibrium values were quite low (Table 6), about the average expected
value for 4N¢ = 500 in Tables 1, 2 and 3 when n = 400, £ = [ = 3. Using
the estimated ¢ values of 0.002 and 0.005 and neutrality equilibrium, then the
effective population size would be 62,500 and 25,000, respectively, of the same
magnitude suggested by EPPERSON (1983) based on other information. The
distributions of D’ values for the three loci ¢ < 0.002 and ¢ = 0.005, are given
in Figure 12. This distribution has the same general pattern as found for
neutrality, although there are many more values around D’ = 0 and fewer
D’ = —1-and D’ = 1 values (see Figure 2 for the pattern for neutrality when
n = 200 and six alleles at both loci).
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FIGURE 11.—The distribution of Dj; for the six locus pairs in the E. coli data, in which there
are three alleles at one locus and six at the other.

TABLE 6
The observed values for total disequilibrium measures
for three electrophoretic locus pairs in samples of
lodgepole pine from two locations
(from EPPERSON 1983)

Scar Mountain Indian Creek
n 402 390
k,l 3,3 3,3
D* 0.0048 0.00069
F* —-0.0049 —0.00029
Q* 0.0048 0.0021
DISCUSSION

Using computer simulation, we have given the expected disequilibrium and
the 95% interval at a pair of neutral loci for a given sample size and number
of alleles in the sample (Tables 1-3). These results are an extension to two
loci of the single-locus theory of EWENs (1972) and WATTERSON (1978a,b). As
expected, the total disequilibrium is highly dependent upon the rate of recom-
bination in the population from which the sample is drawn. Similar to EWENS’
results for homozygosity, the disequilibrium is not strongly dependent upon
sample size. Furthermore, WATTERSON (1978b) showed that the conditional
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FIGURE 12.—The distribution of D} for the three most closely linked loci in the lodgepole pine
data (from EPPERSON 1983).

homozygosity is strongly dependent upon the number of alleles in the sample
(the more alleles, the lower the homozygosity). We found that disequilibrium
is dependent upon the number of alleles in the sample, although the pattern
is dependent upon the measure of disequilibrium. For F* the values increase
with an increasing number of alleles, whereas for Q* they decrease with in-
creasing numbers of alleles. The 95% intervals are large, but become narrower
for larger numbers of alleles and higher 4Nc¢ values. Such wide intervals were
suggested by the unconditional distribution generated by MARUYAMA (1982)
and the k = [ = 2 distribution given by HubpsoN (1985). The bimodality at
zero and unity that they both observed is typical when there are low numbers
of alleles at both loci and low 4Nc¢ values.

These expected values and their 95% intervals, as illustrated by the examples
above, are useful in interpreting disequilibrium data. First, the disequilibrium
between the HLA-A and HLA-B loci is higher than neutrality expectations,
given the estimated recombination between these loci. Even allowing for a
recent bottleneck and small population size, other factors, such as selection,
probably are important. Second, the disequilibrium between pairs of electro-
phoretic loci in E. coli is consistent with neutrality expectations, but for rela-
tively high 4N¢ values, not for 4Nc¢ = 0. In this case, perhaps N is very large
or there is enough sexual reproduction to make 4Nc¢ > 0. Last, the lodgepole
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pine data are consistent with neutrality expectations, but for very large 4Nc¢
values. Here, the observed disequilibrium is on the low end, even when the
estimated ¢ values are used and very large population sizes are assumed.

What is the expected influence on conditional disequilibrium of various
evolutionary factors? These effects have not been explored to the same extent
as those for single-locus deviations (see HEDRICK and THOMSON 1983 for a
review). It appears that a recent bottleneck or genetic drift would generally
increase disequilibrium although the exact impact conditioned on the sample
size and number of alleles in a sample is not intuitive. G. THOMSON and W.
KL1TZ (unpublished results) have shown that selection favoring particular ga-
metic types results in a distribution of Dj; values quite different from neutrality
expectations. From other studies of gene flow, genetic hitchhiking and multi-
locus selection, it is known that these factors, particularly for biallelic loci, can
increase disequilibrium (see HEDRICK 1983b for a review). However, their
impact on overall disequilibrium for multiallelic loci in a sample of a given size
with a given number of alleles is not obvious. It would be useful to know the
specific conditions under which these factors affect disequilibrium and the
differences from neutrality that they cause. Examination of the population
genetic properties of tightly linked polymorphic loci is particularly pertinent
at this moment, given recent advances that allow detailed genetic mapping of
organisms using restriction fragment length polymorphisms. For example, dis-
equilibrium patterns observed between loci may indicate the nature of evolu-
tionary events that have affected a genetic region.
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